Effect of Hypercapnic Acidemia on Anisotropic
Propagation in the Canine Ventricle Vicken R. Vorperian, MD; Todd A. Wisialowski, MS; Robert Deegan, MD; Dan M. Roden, MD Background Impulse propagation in the ventricle depends on both sodium channel availability and cell-to-cell coupling through gap junctions. Sodium channel block has been shown to depress conduction velocity (6) myocar- dium is determined by active current flow through transmembrane sodium channels and the passive effective resistance encountered along its path. The latter is anisotropic; that is, it demonstrates directional differences in magnitudel-3 and is composed of the resistivities of the cytoplasm, extracellular space, and junctional cell-to-cell connections (gap junctions). This anisotropy is explained, in part, by anatomic considerations of fiber geometry and distribution of gap junctions: more junctional resistances per unit distance of impulse propagation are present transverse to than longitudinal to the orientation of the long, thin ventricular myocytes.4 Therefore, when the ventricular epicardium is stimulated by a point current source, an excitation wave front propagates more than twice as fast along fibers (longitudinal direction) than across them (transverse direction). In experiments in which the effects of sodium channel blockers have been examined, the extent of conduction slowing has been consistently greater in the longitudinal direction.35-7 In contrast, mediumchain alcohols such as octanol and heptanol decrease gap junction conductance between cardiac cell pairs in vitro8 and have been shown to preferentially slow conduction transverse to fiber orientation in canine ventricular slices. 9 
Data Acquisition
The methods of data acquisition and analysis have been described previously17 and are repeated here. A planar electrode array (Fig 1) with four pairs of closely spaced bipolar silver electrodes (interbipole distance of 1.5 mm) along two perpendicular axes was used to record direction-dependent propagation. A central titanium stimulating electrode was used as the cathode, and a stainless steel wire sewn to the rib cage was the distant anode.
To measure longitudinal and transverse conduction, the electrode array was introduced into the Lucite ring. The orientation of the array within the ring was adjusted by rotating the electrode, while pacing from the cathode, until the time difference between the signals at bipoles 4 and 8 was maximized (Fig 1) , thereby defining the direction of fastest (longitudinal) and slowest (transverse) epicardial propagation. The electrode array was then fixed in place via setscrews on the Lucite ring for the duration of the experiment. Finally, a gauze moistened with saline was placed over the heart, and the edges of the thoracotomy were apposed.
Data were acquired during steady-state pacing (pulse width, 0.5 millisecond; 2 mA) for at least 30 seconds at a cycle length of 300 milliseconds with a programmable stimulator (model DTU-110, Bloom Associates). The 
Experimental Protocols
In all animals, serum electrolyte values were determined and conduction velocity data were acquired in triplicate during each study phase (baseline, graded acidemia, washout [for hypercapnia]). Left ventricular systolic and end-diastolic pressures as well as an isovolumic index of contractility (peak positive dP/dt) were monitored and recorded on photographic paper (Honeywell/E for M). All ECG intervals were recorded at a paper speed of 100 mm/s.
Hypercapnic Acidemia (n = 7)
Control phase. Immediately after intubation (before any instrumentation), the endotracheal tube was connected to the Harvard respirator. End-tidal CO2 tension, which closely approximates arterial CO2 tension and the fraction of inhaled oxygen (FIO2), was monitored via a gas sampling probe interposed between the respirator and the endotracheal tube (Puritan-Bennett Corp/Datex Monitor). The ventilatory gas monitor was calibrated with the provided calibration gas samples; measured end-tidal CO2 during this phase was 5.3+±0.4% (SD). The initial settings on the respirator were a tidal volume (TV) of 15 mL/kg and a respiratory rate of 12 to 14 per minute. Animals were allowed to stabilize for 30 minutes after end of instrumentation, before data collection. During this period, arterial blood gases were measured and respiratory rate was adjusted to achieve a pH of 7.4 (actual value, 7.40±0.03). Oxygen 2 to 4 L/min was supplemented to keep the arterial oxygen tension >90 mm Hg. After 15 minutes of equilibration at this pH, control data acquisition was begun.
Hypercapnic acidemia phase. After control data were acquired, the endotracheal tube, with Pco2 probe still attached, was connected to a modified closed ventilatory circuit anesthesia machine (Ohio Anesthesia Ventilator) equipped with two gas cylinders (100% 02 USP and 100% CO2 USP), and the absorbent was removed. The system was flushed with 100% 02, and the ventilator settings were kept identical to control settings. The following concentrations of admixed CO2 were then administered sequentially for 15 minutes each at 1 atm: 10%, 20%, and 40% CO2, achieving arterial pH values of 7.20±0.03, 7.02±0.04, and 6.70±0.05, respectively (see Table  1 ; Fig 2, left panel) . In vitro studies14 suggest that 15 minutes is sufficient for equilibration of pHi; as described further below, FiO2 was maintained at the highest value for 60 minutes, without further decreases in pH (Fig 2, right panel) 
to determine the peak voltage, defining the arrival time of the propagating depolarizing wave front under the bipole. The distance between the recording electrode and the stimulating cathodal electrode was plotted (ordinate) as a function of the time difference between the end of the stimulus and the arrival of the peak of bipolar signal (abscissa).17 A linear, least-squares fit to these distance versus arrival time data (r..95, P<.001) was then used to determine longitudinal (0ONG) and transverse (.As) conduction velocities.
Additional Measurements
Measurements of the QRS and QT intervals from the surface ECG recordings were averaged over five consecutive complexes. The QT interval was measured to the final return of the repolarization wave to baseline. QT. was calculated according to Bazett's formula (QT,=QT/[RR]112). We measured the threshold current of pacing by gradually increasing the current output of a stimulus with a pulse width of 0.5 millisecond until consistent capture (>10 seconds) was noted. The ventricular effective refractory period (ERP) was determined by pacing at a cycle length of 300 milliseconds at twice diastolic threshold for eight beats followed by a premature extrastimulus. The longest coupling interval failing to result in capture was defined as the ERP.
Statistical Analysis
ANOVA for repeated measures was used to detect significant differences between means of variables in the control, washout, and various acidemic phases of the experiment. A value of P<.05 was sufficient to reject the null hypothesis. Tukey's pairwise comparison procedure was performed on data sets for which significant differences were detected by ANOVA. All data are presented as mean±SD.
Results

Hypercapnic Acidemia
There was a linear relation between the concentration of inspired CO2 and arterial pH (Fig 2, left Hypercapnic acidemia reversibly depressed transverse conduction velocity (Fig 3) . At (Fig 2, right panel) , no further slowing of transverse conduction velocity was noted (Fig 3) (-19±10%) at 45 minutes at pH 6.7 
(P<.03). Other Electrophysiological Effects
As shown in Table 2 , hypercapnic acidemia produced no significant changes in the QRS interval, the corrected QT, threshold current (Ith), or measured ERP. In contrast, prolonged acidemia induced with continuous HCI infusion resulted in a significant prolongation of the QRS interval. Significant increases from baseline in threshold current and ERP also were noted.
Acid-Base Alterations
The effects of hypercapnic acidemia and HCI infusion on electrolytes and acid-base balance are summarized in Table 3 . With hypercapnic acidemia there was a significant rise in serum HCO3 , presumably reflecting maximal acute buffering capacity. There also was a small but significant rise in serum potassium level with acidosis, which did not return to baseline upon washout; serum K' did not rise above the normal range. There was no significant change in serum chloride concentration.
With HCl infusion, there was a significant rise in serum chloride concentration with a marked decrease in serum HCO3-at peak acidosis. Moreover, serum K' rose to a greater extent with HCl than with hypercapnia, although some of this increase may reflect hemolysis, which has been reported with HCI infusion. 18 
Hemodynamic Alterations
Hypercapnic acidemia caused a significant and reversible drop in heart rate, a rise in left ventricular end-diastolic pressure (LVEDP), and a small decrease in contractility, assessed by peak positive dP/dt (Table  4) . There was no significant change in left ventricular systolic pressure. Similar changes were found with HCI 
Limitations of the Present Study
Detailed histological studies to confirm that what we term longitudinal and transverse conductions do indeed correspond to these fiber orientations were not performed. However, other studies using this technique in our own laboratories as well as other studies of direction-dependent propagation in other laboratories confirm the relation between superficial subepicardial fiber orientation and these orthogonal conduction velocity differences. We can make no inference on transmural conduction, which may be especially dependent on side-to-side (or "transverse") propagation. Moreover, the calculation of value for conduction velocity assumes a linear and constant conduction pathway. We recognize that discontinuities at the cellular level exist and may not be detected by our method of measurement. However, because the bipolar signals recorded did not display irregular contours, the recording sites are fairly close (1.5 mm), and we are studying normal myocardium, we believe the use of the term conduction velocity is appropriate.
In some animal models of anisotropic reentry, as well as in patients with sustained ventricular tachyarrhythmias thought to be dependent on a reentrant mechanism, sodium channel-blocking drugs have not been very effective.3'24 An alternative method of perturbing such reentrant pathways would be desirable, and interventions directed at gap junction conductance seem reasonable candidates. Other studies24 have used heptanol to test this hypothesis, but, as discussed above, heptanol also blocks cardiac sodium channels, reduces longitudinal conduction velocity in some models, and cannot readily be used in an intact animal. Thus, we propose that CO2 acidosis will provide a new tool to test the role of gap junction-dependent conduction in tachyarrhythmias. An obstacle to this approach may be adequate delivery of CO2 to the infarct zone. However, abnormal delivery of any antiarrhythmic intervention to a reentrant circuit subserved by inadequate coronary flow is a problem for all such studies. Certainly, viable cells within a reentrant circuit must receive sufficient coronary flow to ensure their viability; nevertheless, it is possible that gradients of intracellular acidosis might result with the use of a technique such as this in experimental animals.
Summary
In this study, we have found that hypercapnic acidemia selectively depresses transverse conduction velocity in the intact canine heart. Induction of the same degree of acidemia with HCI infusion did not show this effect. These findings, along with available in vitro data, suggest that cytoplasmic acidosis selectively decreases gap junction conductance with no demonstrable effect on sodium current. Hypercapnic acidemia therefore may be a tool to test the role of gap junctions in models of reentrant tachyarrhythmias in which directional differences of propagation are implicated in arrhythmogenesis.
